ABSTRACT Using appropriate yeast strains and exogenous acceptors, we have devised specific assays for four mannosyltransferase activities involved in biosynthesis of the carbohydrate outer chain of yeast mannoproteins. The assays utilize GDP-f4C)mannose as the donor and unlabeled oligosaccharides as the acceptors, the products being neutral radioactive oligosaccharides one mannose unit larger than the acceptors. The multiglycosyltransferase system from Saccharomyces cerevisiae was solubilized in Triton X-100 and urea and purified 100-fold. Free mannose is an acceptor for the al-.2-mannosyltransferase, the major product being a[4CJMan-.& 2Man. The al-*6-mannooligosaccharides serve as acceptors for both the al--2-and al-*6-transferases, but the tetrasaccharide aMa.n -3aMan-. Phaff. GDP-[U-'4G]mannose (160 Ci/mol) and sodium borotritide (180 Ci/mol) were from New England Nuclear, and unlabeled GDP-mannose came from Sigma. Bio-Gel P-2 (-400 mesh), P-6 (200-400 mesh), Dowex AG1-X8, and Cellex D (DEAE-cellulose) were obtained from Bio-Rad.
aMan-3aMan-2aMan-.Man to 6414ClMan When reduced, this same tetrasaccharide serves as the acceptor for an al1-3-niannosyltransferase from Saccharomyces chevalieri, yielding a pentasaccharide with two terminal 1-3 linka es. Assay of the al-3-transferase in S. cerevisiae utilizes reduced a-2-mannotriose as the acceptor, the product being ai[4C]Mai-3aMan_.2aManmMannitol. The multienzyme system works in concert to make "mannan" in a cell-free in vitro system. Yeast cell wall manno-proteins are a heterogeneous family of complex glycoproteins. The carbohydrate, mostly mannose, is attached to the protein in two ways-as short oligosaccharides-linked to serine and threonine, and as highly branched polysaccharide chains attached to asparagine through a di-N-acetylchitobiose unit (1) . By genetic and chemical analysis, it was shown recently that the polymer chains consist of an inner core of 12-15 mannose units attached to the di-N-acetylchitobiose unit, and an outer chain of 50-100 mannose units that is linked to the inner core (2) .
Althqugh chemically similar, these two parts of the polysaccharide chain can be distinguished by mutants that are altered in the outer chain but unchanged in the inner core.
It seems probable that the biosynthesis and secretion of such a complex macromolecule occur sequentially, with the different carbohydrate units being introduced at different times and in different places in the cell. To investigate the ordered nature of this overall. process, we would like to assay the. distribution of the enzymes that participate in mannoprotein biosynthesis. This report describes a method for solubilization of the mnultimannosyltransferase system of Saccharomyces cerevsiae and procedures for assay of the a12-, two a1 -3-, and the a1-6-mannosyltransferases that are involved in synthesis of the mannan outer chain.
Abbreviations: M, D-manhose; rM, mannitol; M2, mannobiose; rM2, reduced mannobiose; aM-'2M, a1l-2-linked mannobiose; GlcNAc, N-acetyl-D-glucosamine; mnn, the designator for mutations in genes concerned with mannan biosynthesis. * To whom correspondence should be addressed.
MATERIAL AND METHODS Materials. Saccharomyces cerevisiae X2180 mnnl, mnn2, and mnn4 mutants were provided by D. L. Ballou (3) and Saccharomyces chevalieri was a gift from Dr. H. J.
Phaff. GDP-[U-'4G]mannose (160 Ci/mol) and sodium borotritide (180 Ci/mol) were from New England Nuclear, and unlabeled GDP-mannose came from Sigma. Bio-Gel P-2 (-400 mesh), P-6 (200-400 mesh), Dowex AG1-X8, and Cellex D (DEAE-cellulose) were obtained from Bio-Rad.
al-c6-Mannooligosaccharides were prepared by partial acetolysis of ald-6-.mannan backbone followed by gel filtration (2) . al-' 2-Mannooligosaccharides, and mannotetraose, aM-__3aM--' 2aM-' 2M, were prepared by. acetolysis of S. chevalieri (4) and S. ceredsiaee mannans (5), respectively. al 33-Mannobiose was a gift from Dr. L. Rosenfeld. Inner core fragment from S. cerevlsiae X2180-1A5 mnn2 mutant was prepared as reported (2) .
General Methods. Carbohydrate was determined with a phenol-sulfuric acid reagent and protein by a modified Lowry method (6) . Acid hydrolysis, acetylation, acetolysis, and reduction of mannan or mannooligosaccharides were done as described elsewhere (2) .
Descending paper chromatography was done on Whatman no. 1 Ag of protein), 10 mM MnCl2, 0.6 mM GDP-[U-14C]mannose (4000-6000 cpm), and 2 mM exogenous acceptor in a final volume of 50 ,u. For assay of al-i2-mannosyltransferase activity, mannose was used as acceptor; for the al- '3- mannosyltransferase-I we used reduced al-i2-mannotriose, aM-_2aM--2rM; and for al-"6-mannosyltransferase S. cerestiae mannotetraose, aM -3aM--42aM-42M, was used. The additional al -3-mannosyltransferase-II activity from S. chevalieri was assayed using reduced mannotetraose, aM-*3aM-_aM42rM. The reaction mixtures were incubated for 30 min at 250, and then terminated; excess GDP-[U-'4C]mannose was removed by passing the solution through a Dowex 1-X8 column (0.5 X 5 cm). The neutral products were eluted with 1 ml of water and the radioactivity was counted in 10 ml of Bray's solution (8) .
Acceptor 5- fold over the standard assay and a 2-hr incubation was used. The labeled product was purified on paper in Solvent A or on a Bio-Gel P-2 column (1 X 100 cm). The recovered fractions were analyzed by partial acid hydrolysis and by acetolysis. For acetolysis, the reaction was done at 400 for 12 hr (9) with unlabeled wild-type mannan added as a carrier, and the recovered deacetylated products were separated on a Bio-Gel P-2 column. For partial acid hydrolysis, the samples were treated in 0.3 M HCI at 1000 for 3 hr. The hydrolysates were fractionated on a Bio-Gel P-2 column (1 X 50 cm), and the radioactive disaccharide components were characterized by chromatography in Solvent C or by electrophoresis in borate buffer. Radioactive disaccharides were hydrolyzed with a bacterial exo-a-mannanase (10) , and the products were chromatographed in Solvent B.
Synthesis of Mannan Polymer with Exogenous Acceptor. The incubation mixture contained solubilized mannosyltransferase (3 mg of protein), 100 mM unlabeled GDP-mannose, 1 mM a1-6-[3H]mannopentaitol prepared by reduction of the mannopentaose with NaBT4, and 100 mM MnCl2, in 100 Al of 0.1 M Tris.HCI buffer pH 7.5. The reaction was followed by passing samples through a Dowex 1-X8 column (0.5 X 5 cm), after which the effluents were fractionated on a Bio-Gel P-6 column (1 X 50 cm). The labeled products recovered from the Bio-Gel P-6 were acetolyzed, and the deacetylated fragments were reduced with NaBT4 and then chromatographed on paper in Solvent A for 17 hr.
RESULTS
Preparation of the solubilized mannosyltransferase system The extraction system of Garewal All three mannosyltransferase activities were eluted together from the DEAE-cellulose column, and when assayed individually the reactions were linear for at least 60 min. The al-o6-transferase activity was stable during incubation at 300 for at least 2 hr, but inactivation occurred at higher temperature. All three transferases had broad optima at pH 7-8 in Tris-HCI buffers, whereas phosphate buffers inhibited the reaction. The reactions were activated about 50% by 10 mM Mn++ before or after dialysis against EDTA. Mg++ had no effect.
Demonstration of the multiplicity of mannosyltransferase activities Fig. 1 illustrates the formation of several products, the structures being dependent on the acceptor but in each instance being one mannose unit larger. Under the assay conditions, the product is at too low a concentration to act as an acceptor for further additions. That different linkages are formed in each reaction is suggested by the results in Fig. 2 . The gel filtration properties of the products and of their partial acetolysates show that some have acetolysis-stable linkages whereas others are degraded by this reaction. uses the mannotetraose aM-'>3aM---2aM--'>2M, a "completed" mannan sidechain that can only accept a mannose unit in 1-'>6 linkage ( Fig. 2A and Table 2 ). S. chevalieri mannan, however, contains a pentasaccharide sidechain with a second al1-3-linked mannose unit (4), and enzyme prepared from this yeast utilizes the reduced mannotetraose to form a mannopentaose product (Fig. 2D) Fig. 3 . The products isolated by gel filtration were subjected to partial acetolysis, after which the deacetylated and NaBT4-reduced fragments were chromatographed on paper. The figure shows the radioactive scans for incubations of 30 min (top), 60 min (middle), and 120 min (bottom). Reference strips show the positions of migration from right to left of mannitol, mannobiitol, mannotriitol, and mannotetraitol. Purified enzyme from S. cerevisiae mnn4 mutant, incubated with a high concentration of unlabeled GDP-mannose and a1--6-[3H]mannopentaitol, gave a radioactive product (Fig. 3 ) of progressively increasing size with time of incubation, reaching at least 35 mannose units after 2 hr. The acetolysis pattern (Fig. 4) shows only mannose at 30 min, a consequence of the action of the al-s6-transferase, whereas mannobiose is observed after 1 hr owing to action of the al-*2-transferase. The absence of larger acetolysis-stable The relative acceptor activities of a number of mannooligosaccharides are given in Table 3 . The al--6-linked homologs, which can serve as acceptors for both the al-'m2-and al-o-&transferases, show good activity up to the heptasaccharide, at which the activity drops sharply. The reduced al-' 2-linked series shows an unusual pattern, the disaccharide having low activity, the trisaccharide a high activity, and the tetrasaccharide being inactive. We have shown that the reduced trisaccharide is an acceptor for the al-3-transferase-I. We suspect that the reduced disaccharide may be a poor acceptor for an al -2-transferase. The inactivity of the reduced al-"2-tetrasaccharide correlates with the fact that S. cerevisiae mannan has no sidechain with three consecutive 1-'a2 linkages. DISCUSSION Yeast mannan biosynthesis has been studied by Behrens and Cabib (12) , who described the incorporation of labeled mannose from GDP-mannose into endogenous acceptors to produce mannan-like material. Subsequently, Lehle and Tan- (15) have shown that the first mannose added to serine and threonine in manno-proteins comes from mannosyl dolichol phosphate, and that subsequent mannose units probably are derived directly from GDP-mannose.
In this study, we have designed specific assays for four of the mannosyltransferases in yeast mannan biosynthesis, using exogenous acceptors and a solubilized enzyme system. The complexity of the carbohydrate component in yeast manno-proteins (Fig. 5) suggests that a minimum of 10 mannosyltransferases must be involved in its biosynthesis. Genetic evidence indicates that formation of all of the terminal I o,3-linked mannose units is controlled by a single gene, because a mutant (designated mnnl) simultaneously lost this component in all positions (11) . By direct assay, we have now demonstrated this enzymatic activity in wild-type S. cerevisiae and its absence in the mnnl mutant.
The mannotetraose unit is the longest sidechain in S. cerevisiae mannan. However, several Saccharomyces species, interfertile with S. cerevisiae, make mannan with a pentasaccharide sidechain by adding another mannose in al--3 linkage (4) . We have now demonstrated this al-3-mannosyltransferase-IT activity in S. chevalieri extracts.
The first sidechain mannose unit in S. cerevisiae mannan is attached to the a1--6-linked backbone by an al-2 linkage. The mnn2 mutant, which makes mannan with an unsubstituted outer chain, has now been shown to lack the a1-'2-mannosyltransferase-I associated with this structure.
Some acetolysis-resistant disaccharide product is made by extracts from this mutant, which probably reflects the activity of an inner core transferase. The al-,2-transferases that make the oligosaccharides attached to the hydroxyamino acids are not expected to act on the a1-6-mannooligosaccharide acceptors.
The al--*6-mannosyltransferase synthesizes the mannan backbone, and a demonstration of this enzyme activity with an exogenous acceptor has not been reported previously in yeast, although a similar enzyme activity is found in Cryptococcus laurentii (16) . In our system, this transferase is demonstrated by the addition of a new mannose unit in [1] [2] [3] [4] [5] [6] linkage to the acceptor aM-,3aM--*2aM_2M.
From preliminary kinetic studies, we have sought some hint as to how the activities of the different enzymes might be regulated to produce a mannan of characteristic size and degree of branching (Table 4 ). The order of affinities of the transferases for the donor GDP-mannose is a1-6 > a1-'3 > al-2, so the sugar nucleotide concentration could affect the relative activities of these three enzymes. On the other hand, the affinities for the acceptors vary considerably depending on their structures. Thus, the a1-i-6-transferase has a lower Km for the acceptor consisting of two sidechain fragments connected by a 1-6 linkage than it does for the single mannotetraose sidechain, a reasonable observation since the former more nearly mimics the structure of the growing end of a mannan chain. The Km of the mixed a1-2-and al -6-transferase system for the al-6-mannooligosaccharide acceptors decreased sharply in going from the di-to the tetrasaccharide, again probably a reflection of the closer approximation to the structure of the natural acceptor.
If the mannosyltransferases described here are involved in mannan biosynthesis, it is expected that they would act in concert to produce macromolecular material with the properties of mannan. We have shown this to occur when the enzyme preparation from S. cerevisiae wild-type is incubated for an extended time with the a1-6-mannopentaitol acceptor and a high concentration of GDP-mannose. Polysaccharide material is formed with a molecular size exceeding the exclusion limit of Bio-Gel P-6 as a result of the action of both the al o6-and a1-2-mannosyltransferases.
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